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ABSTRACT

Barefoot, Nathan Z. M.S., Purdue University, August 2014. Gas-Phase Ion/Ion Reactions
of Biomolecules: An Examination of Carboxylate Reactivity and Arginine Based NonCovalent Complexes. Major Professor: Scott A. McLuckey

The advent of Electrospray Ionization with the ability to generate multiply
charges ions has contributed significantly to the study of gas-phase ion/ion reactions.
With the tools available in mass spectrometry it has been shown that these reactions are
effective at transforming one type of gaseous ion into another through a series of
reactions. This work examines some of these reactions and their application to field of
proteomics specifically focusing on the amino acids of arginine and lysine. NHS reagents
have been shown to react to both of these molecules with in the gas-phase under different
conditions but have relies on negatively charged reagent ions. The effect of a positively
fixed-charge reagent in investigated through a series of reactions and compared to the
effects observed in the positive mode.
Additionally arginine has been shown to form non-covalent interactions with the
sites of phosphorylation of phosphopeptides, a type of biologically important post
translational modification. Though the use of this interaction it was observed if ion/ion
reactions could aide in the simplification of a digest analysis. Through these non-covalent
interactions it may be possible to selectively alter the charge of the analyte to allow for
easier detection.
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CHAPTER 1: AN INTRODUCTION TO MASS SPECTROMETRY AND
IONIZATION TECHNIQUES

At its most basic level mass spectrometry can be thought of as an analytical
technique used to determine the mass of exceedingly small charged particles and has
advanced significantly over the course of its one hundred year history. Although the roots
of mass spectrometry can be traced all the way back to research conducted in the 19th
century on discharge tubes, the first true example of a mass spectrum emerged in 1912
from the work of Sir J. J. Thomson1, 2. In his parabola mass spectrograph, ions were sent
through parallel magnetic and electric fields such that they were deflected and separated
by both their velocity and mass-to charge ration or m/z 3. This effect was typically
observed on photoplates until a set of experiments were run where the magnetic field was
scanned and the deflected ions were detected with electronics to produce one of the first
mass spectrums as shown in Figure 1.1. Since that time the field of mass spectrometry
has grown and has emerged to become an almost indispensable analytical tool for a
variety of fields in chemistry and biochemistry. However, its utility is most apparent in
the realm of biological sciences where its unique abilities are used in the analysis of
biological molecules and have led to the development of the fields of proteomics,
lipidomics, genomics, and much more. The technologies available today, in regards to a
biological molecule, allow for the investigation of both primary and three-dimension
structures as well as an inquiry of the molecules reactivity.
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Figure 1.1 Mass
M spectru
um produced
d by work froom J. J. Thom
mson using a parabola m
mass
spectro
ograph coupled to an eleectroscope foor detection (Adopted froom ref. 1).

When
n thinking ab
bout the funcction of a maass spectrom
meter or undeerstanding a mass
sp
pectrometry experiment,, it is useful to divide thee system intoo three different segmennts.
The
T first segm
ment consists of a metho
od for generaating gas phaase ions from
m the samplee of
in
nterest (i.e., ionization).
i
Secondly, affter the sampple has beenn ionized it can be subjeccted
to
o a probe meethod used to
o activate thee ions and inn most casess induce som
me form of
frragmentation
n. The final step
s in the process is maass analysis oor detection where all off the
reemaining ion
ns are separaated by their m/z.

1.1 Quadru
upole Mass Spectrometeers
With the
t advancem
ment of tech
hnology a nuumber of diffferent mass aanalyzers haave
been developed that far ex
xceed the ab
bility of Tho mson’s origginal parabolla mass
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sp
pectrograph.. However, each
e
techniq
que still relie s on the impplementationn of electric
fiields, magneetic fields, orr a combinattion of the tw
wo in order tto selectivelyy separate ioons
by
y their mass-to-charge raations. One such device is a quadruppole mass fillter, sometim
mes
reeferred to as a quadrupolle mass filterr or QMF, w
which in appearance is coonstructed oof
fo
our metal rod
ds arranged in a parallel array and poositioned in a square connfiguration.
Separation off ions in the quadrupole
q
is
i accomplisshed throughh the use of bboth RF andd DC
potentials thaat are superim
mposed on one
o another4. Opposite seets of road ppairs are couppled
ogether and the
t electric field
f
is appliied such thatt one set of rrod pairs is inn phase withh the
to
RF
R and the otther is out off phase, as illlustrated in Figure 1.2. T
This allows for the creattion
of a quadrupo
olar field.Un
nder ideal cirrcumstances the rods woould have a hhyperbolic
sttructure. Mo
ost quadrupoles are actuaally construccted of cylinddrical rods w
which

Figure 1.2 Illustration of
o a quadrup
pole mass filtter consistinng of two rodd pairs with tthe
applied
a
electtric potentialls used to creeate the quaddrupolar fielld and a visuual of an ion with
stable
s
trajecttory.

4
can only approximate an ideal electric field5. For this device the term quadrupolar refers
to the nature of the electric field and not the structure of the quadrupole mass filter itself.
Inside a quadrupolar field the forces on an ion are dependent upon the square of the
distance from the origin, in this case the center of the trap6.
The combination of RF and DC potentials applied to the rods is shown in equation
1.1 as well as illustrated in Figure 1.2 above.
 0  U  V cos t

(1.1)

Here Φ0 is the total potential applied to the rods, U is the DC potential, V is the RF
potential, and Ω is the angular frequency of the RF. The combination of these two fields
traps ions in the x- and y-directions (sometimes referred to as radially) while they are still
free to move through the quadrupole in the z-direction (sometimes referred to as axially).
The quadrupolar nature of the trapping electric field operates such that the force on the
ion increases the further it moves from the center of the quadrupole. In other words the
more distant an ion is from the center of the trap the more force is exerted upon it by the
electric field. Depending on the values of the RF and DC potentials applied to the
quadrupole the complex motions of the ions can either be described as stable or unstable.
As the names would suggest, stable ions traverse the length of the rods and remain
trapped within the device whereas unstable ions are displaced from the center of the trap
and are either removed from the quadrupole or are impacted against the rods. Through
these motions ions can be either selectively isolated based on their m/z or scanned
through the quadrupole in a mass selective manner to generate a mass spectrum. The
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stability or instability of a given ion is determined by the Mathieu equation, a linear
second-order differential equation discovered in 18687.
Much of the following information reguarding the treatment of the Mathieu
equation is based on the information presented in several resources unless otherwise
noted.4, 6, 8 The commonly accepted form of the Mathieu equation is given in equation 1.2
below:
d 2u
 au  2qu cos 2 u  0
d 2

(1.2)

where u represents displacement from the axis, ξ is a dimensionless parameter equal to
Ω ⁄2, and au and qu are dimensionless trapping parameters related to DC and RF
potentials respectively. This equation can be solved for the two trapping parameters
which relate the given properties of an ion and the inherent conditions of the mass
spectrometer. These relationships are given below in equations 1.3 and 1.4.

au 

qu 

8 zeU

(1.3)

2

mr0  2

 4 zeV

(1.4)

2

mr0  2

Here m is the mass of the ion,

is the distance between the center of the trap and the rod

pairs, e is the elementary charge or 1.602  10 19 coulombs, and z is the charge of the ion.
With these two equations it is possible to determine which ions will have a stable
trajectory and which will have an unstable trajectory while passing through the
quadrupole. In other words these equations indicate whether or not an ion will be trapped
within the electric field or ejected under a given set of conditions. Since

is a constant

6
that does not change unless the dimensions of the quadrupole are physically altered and
most instruments operate with a fixed Ω, the only variables are the m/z of the ion and
both the RF and DC potentials.
In order to better illustrate how these equations determine an ion’s stability it can
be helpful to generate a graph in dimensionless au, qu space. Here qu and au values are
graphed onto the x- and y-axis respectively of a graph as shown in figure 1.3. Since the
electric fields of the quadrupole trap the ions in two dimensions the ion’s trajectory along
both axes must remain stable otherwise the ion will be ejected. To illustrate these
Mathieu Stability regions it then becomes necessary to show the solutions to equations
1.3 and 1.4 for both the x and y planes of the quadrupole. The blue trace in the figure
shows that stability regions where an ion’s trajectory is stable along the x-axis for given
au and qu values and the red trace show shows the same for the y-axis. The areas where
the two traces overlap, indicated and labeled as A, B, C, and D, are regions where an
ion’s trajectory along both axes is stable. If conditions were adjusted such that a given ion
was located in one of the traces but outside these four regions it would only be trapped by
the electric field in one direction while ejected from the quadrupole in the other.
Of the four areas of overlapping stability in Figure 1.3, commonly referred to as a
Mathieu Stability Diagram, most quadrupole mass filters operate only within region A.
The other three areas, while allowing for the effective trapping of ions inside the device,
are typically only used for research and not implemented in common practices2. As
mentioned previously, the only variables that can be adjusted to affect an ion’s stability
are the instrumental parameters of U and V. Through either adjusting these parameters or
scanning them it becomes possible to isolate ions of a particular m/z or to generate a mass
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sp
pectrum. Both of these functions
f
willl be described using Figgure 1.4, whiich shows a
cllose-up view
w of area A from
f
Figure 1.3 above, aand the trappping parametters au and qu.

Figure 1.3 Graphical reepresentation
n of the Matthieu stabilitty regions foor a quadrupoole
mass filterr with the red
d trace show
wing ions stabble along thee y-axis andd the blue traace
showing
g the same foor the x-axis..

The DC
D potential applied to th
he quadrupoole affects onnly parameteer au and wheen
a of the ion
ns lie along thhe au = 0 linee. Under theese conditionns all
zeero potentiall is applied all
io
ons entering the quadrup
pole are transsmitted provvided that theeir m/z has thhem within tthe
bound region and at a qu value
v
between 0 and 0.9908. The RF potential caan be adjusteed to
alllow differen
nt m/z ranges through an
nd in effect ccan allow thee quadrupolee mass filter to
fu
unction as eiither a high-p
pass or low--pass filter unnder these conditions. Inn this mode oof
op
peration the quadrupole in simply fu
unctioning too transport ioons from onee area to anoother
while
w
keeping
g them focussed at the cen
nter of the trrap. It is posssible to consstruct a
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qu
uadrupole without
w
a DC
C power supp
ply such thatt it would onnly be operatting in this
manner.
m
. Theese devices are
a referred to
t as either ttransport quaadrupoles orr RF only
qu
uadrupoles.

Figure 1.4 Representatio
R
on of a portion of the Maathieu Stabillity Diagram
m illustratingg the
typical operating
o
areea for most qquadrupole m
mass filters.

In ord
der to isolate a ion of a particular m/zz inside a quuadrupole maass filter it iss
necessary to use
u a combin
nation of RF
F and DF pottentials and w
will be mostt easily explaained
ag
gain by usin
ng Figure 1.4
4 for illustrattion purposes. The first sstep involvess adjusting tthe
RF
R potential such
s
that thee m/z value of
o interest is exactly beloow the apex of the stabillity
diagram, or at a qu value of
o 0.706. On
nce that is acccomplishedd the DC poteential is applied
su
uch that the same ion is moves
m
up on
n the stabilitty diagram too around an au value of
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0.236. As the DC potential is applied, all ions other than the particular m/z of interest are
moved into a region on the stability diagram where their trajectories become unstable and
are ejected from the trap. The closer the ion is brought to the apex of the stability diagram
the tighter and cleaner the isolation will become (i.e. less ions with differing m/z will be
present within the quadrupole). If the ion is either brought to close to the apex or is
brought above the apex then some of the desired species will also be ejected from the
quadrupole. Once these conditions are tuned the quadrupole mass filter will only transmit
ions of the narrow m/z window selected and all other ions will be in regions of instability
and ultimately ejected.
Similar principles are used to selectively scan ions through the device in order to
produce a mass spectrum. From a practical standpoint it should be noted that this
approach assumes that the same sample is passing through the quadrupole for the entire
duration of the procedure. A fixed ratio between au and qu is selected to define a mass
scan line and the instrument is programmed to adjust the potentials of the RF and DC
currents such that it essentially scans this line in the stability diagram. The only
requirements for the ratio are that au/qu is greater than zero. Using Figure 1.4 as a
reference the line would essentially start at the origin and increase linearly with a slope
dependent on the ratio. Each m/z value would be essentially isolated and passed through
the trap selectively in a process referred to as a Mass-Selective Stability scan. The slope
of this line, and hence the ratio between au and qu, determines the resolution of the scan.
If the slope is low then a broad range of ions will able to mass through at different m/z
and adversely affect the resolution. Alternatively if the slope is high but still remains
within the stable regions of the diagram then only a narrow window can pass through the
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quadrupole. In this way there is a trade-off between the resolution of the instrument and
the signal of the scan as the tighter the isolation, the more likely the conditions will begin
to remove the ions of interest. The resolution of the QMF can also be affected by the
number of cycles the ions spend within the quadrupolar field.

1.2 Linear Ion Traps
While extremely versatile, the quadrupole mass filter is somewhat limited in its
use given that ions can only flow continuously through the device. One alternative design
developed in the 1953 is to take the rods of the quadrupole and essentially bend them in a
circle to form a donut shaped 3-dimensional trap that differs from the linear QMF9. This
mass analyzer is composed of a central ring electrode sandwiched between two end cap
electrodes and commonly referred to as a 3-D trap or a quadrupole ion trap (QIT). The
ions are still trapped with a quadrupolar field and overall the QIT operates in a similar
manner to the quadrupole mass filter albeit with different au and qu trapping parameters.
The most significant difference is that the QIT can trap ions both radially and axially
within the quadrupolar field while a QMF is only capable of radial confinement. As a
result ions can be pulsed into the device rather than flowing through in a continuous
manner. Once trapped the ion population can be stored within the electric field for some
time and potentially subjected to further reactions or analysis.
There are a number of different advantages to being able to trap ions and subject
themto further scrutiny that are not available with a traditional QMF10, 11. This has led to
the creation of a linear ion trap which functions in a manner identical to a QMF in terms
of the trapping parameters with the notable exception that is can also store ions in the

11
axial or z-direction. To accomplish this two electrostatic lenses are placed on opposite
ends of the quadrupolar rod set and are connected to a DC power supply. When the ions
enter the quadrupole they are trapped within the quadrupolar field by the RF radially and
by the repulsive DC potential applied to the lenses axially. The combination of these two
fields traps the ions in the linear device which is referred to as either a linear ion trap
(LIT) or a 2-dimensional quadrupole ion trap. Essentially the only difference between a
QMF and a LIT is the addition of the two lenses for confinement of ions in the zdirection.

1.2.1 Mass Selective Axial Ejection
Once the ions have entered the linear ion trap and are successfully contained with
both the RF and DC the issue now becomes how to selectively eject the ions and generate
a mass spectrum. Given the nature of the electric field is it possible to eject the ions either
axially or radially11. If one were to attempt to use the same procedure as for the QMF and
scan U and V with a fixed potential the results would prove to be ineffective at the ions
are no longer continuously passing through the quadrupole. This would simply serve to
isolate a single species of ion, the m/z where the scan stopped, and remove everything
else. To generate a mass spectrum in this manner one would need to sequentially inject,
isolate, and scan out each different m/z which would be prohibitively time consuming.
Therefore another method is required.
The theory behind the operation of the QMF, and thus the LIT, as discussed above
is based on several assumptions that do not necessarily hold true in practice. First the
mathematical treatment assumes an ideal quadrupolar field which can only be created
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using infinitely long hyperbolic shaped rods. In practice most rod sets are somewhere
between 10 and 30 cm in length and machined to be cylindrical rather than hyperbolic.
Under these conditions the quadrupolar field most ideally exists at the center of the mass
analyzer in regards to its length and decreases in strength at either end of the rod set. The
electric fields present at either end of the quadrupole mass filter are referred to as fringe
fields and are formed in part by higher-order fields present due to the non-ideal shape of
the rods and the effects of the potential allied to the nearby electrostatic lens12. Under
normal circumstances these fringe fields can result in a reduction in performance of
quadrupole mass filters but for a LIT they can be utilized for mass-selective axial
ejection13, 14.
As a result of the fringing fields at the end of the quadrupole there are two
different forces affecting ions in the region. The first is due to the reduction of the
quadrupolar potential which results in an axial electric field that directs ions out of the
linear ion trap. The second force is due to the trapping potential created by the electric
field applied to the nearby electrostatic lens that pushes the ions in the opposite direction
and back into the trap. It is possible to overly these two forces to show the electric field
experiences in the axial direction by trapped ions which is illustrated in figure 1.5. The
dashed line in the figure represents the so called cone of reflection created by the electric
fields present at the end of the quadrupole rod set10, 13, 14. For ions on the left side of the
cone the net force experienced is repulsive away from the exit while ions on the right are
ejected axially from the trap and experience an attractive electric field. Through these
forces it is possible to eject ions in a mass-selective manner by adjusting the potential
applied to the exit lens and controlling the radial amplitude of the ions.14
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1.3 Electrospray Ionization
Since mass spectrometry involves the separation of ions by their m/z through the
use of either electric or magnetic fields it is necessary to generate ions from any sample
of interest. There are a variety of techniques for generating ions that have evolved
significantly since Thomson’s work with the parabola mass spectrograph. One of the
most common is electrospray ionization or ESI which first came to popularity through the
work of Fenn in the late 1980s15 16. Essentially ESI involves flowing a solution
containing a dilute concentration of the analyte through a capillary tube and applying a
voltage. The polarity of the potential applied determines the polarity of the ions
produced. Unlike some other ionization techniques, ESI, is capable of producing
multiply-charged ions and was first used to obtain the molecular weight of proteins and
biomolecules17.
An overall illustration of the electrospray process is illustrated in figure 1.6 below
and shows the sample from the capillary tube to the inlet of the mass spectrometer. For
the process to work a certain onset voltage is required that varies depending on the nature
of the sample and solvent. When the voltage isreached the buildup of electric charge
within the solution causes the formation of a cone at the end of the capillary referred to as
a Taylor cone. From this cone a series of small droplets are formed about 1.5 μm in
diameter that contain the analyte and any other molecules present within the solution. As
these droplets flow from the capillary and travel to the mass spectrometer the solvent
begins to evaporate increasing the charge per unit volume within the droplet. Eventually
the droplet begins to deform and form a Taylor Cone, similar to the one formed in the
capillary, as a result of the concentration of charge. This cone then emits a series of
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1.3.1 Ion Evaporation Model
Currently there are several prevailing theories for the mechanism behind
electrospray ionization. One of these theories is known as the Ion Evaporation Model or
IEM and is typically understood to be the most likely process for how ions of small
molecules are formed19. As the charges build up on the surface of the droplet the
molecule inside the droplet is also charged. The interactions of these forces, both of
which are the same polarity, result in the ion being ejected from the droplet. This process
is illustrated in figure 1.7and of the two process illustrated can be thought of as ion
desertion. A recent study suggested a method whereby a large molecule could be formed
through this method. If a protein were to become denatured in solution then one of the
ends of the sequence could become charged and emerge from solution. Due to the
repulsion of charges this would effectively pull the remainder of the protein out of the
droplet and place charges on some of the other residues. Although the paper referred to
this as the chain ejection model it is still quite similar to the ion evaporation model20.

1.3.2 Charge Residue Model
The charge residue model is different from the ion evaporation model in that it is
believed to be one of the processes for how large ions, such as proteins, are formed
during ESI21. Compared to the IEM this process can be thought of as desorption and is
also illustrated in Figure 1.2. As the solvent evaporates from the droplet the molecule
remains inside. This theory assumes that there is only one analyte molecule present. As
the solvent continues to evaporate the charges are places on the molecule to form an ion

17
an
nd the proceess continuess until all thee solvent is eevaporated. W
What remainns is only a
ch
harged ion containing
c
an
ny non-volattile componeents of the dr
droplet such aas salts17, 20.

Figure 1.7 Diagram
D
show
wing two prroposed mecchanisms for electrosprayy ionization;; the
ion evaaporation mo
odel and the charge residdue model.

18
1.4 References
1. Thomson, J. J., XIX. Further experiments on positive rays. Philosophical Magazine
Series 6 1912, 24 (140), 209-253.
2. de Hoffmann, E.; Stroobant, V., Mass Spectrometry: Principles and Applications.
Wiley: 2007.
3. Thomson, J. J., XXVI. Rays of positive electricity. Philosophical Magazine Series 6
1911, 21 (122), 225-249.
4. March, R. E.; Todd, J. F., Quadrupole Ion Trap Mass Spectrometry. Wiley: 2005.
5. Denison, D. R., Operating Parameters of a Quadrupole in a Grounded Cylindrical
Housing. Journal of Vacuum Science &amp; Technology 1971, 8 (1), 266-269.
6. March, R. E., Quadrupole ion traps. Mass Spectrometry Reviews 2009, 28 (6), 961989.
7. Mathieu, E., Mémoire sur le mouvement vibratoire d'une membrane de forme
elliptique. J. Math. Pure Appl. (J Liouville) 1868, 13, 137.
8. March, R. E.; Todd, F. J.; (Eds.), Practical Aspects of Trapped Ion Mass Spectrometry
Series, Vol I-V. CRC Press: Boca Raton, FL.
9. Paul, W.; Steinwedel, H., A NEW MASS SPECTROMETER WITHOUT A
MAGNETIC FIELD. Journal Name: Zeitschrift fuer Naturforschung 1953, a8,
Medium: X; Size: Pages: 448-50.
10.
Hager, J. W., A new linear ion trap mass spectrometer. Rapid Communications in
Mass Spectrometry 2002, 16 (6), 512-526.
11.
Schwartz, J. C.; Senko, M. W.; Syka, J. E. P., A two-dimensional quadrupole ion
trap mass spectrometer. Journal of the American Society for Mass Spectrometry 2002,
13 (6), 659-669.
12.
Hager, J. W., Performance optimization and fringing field modifications of a 24mm long RF-only quadrupole mass spectrometer. Rapid Communications in Mass
Spectrometry 1999, 13 (8), 740-748.

19
13.
Londry, F. A.; Hager, J., Mass selective axial ion ejection from a linear
quadrupole ion trap. Journal of the American Society for Mass Spectrometry 2003, 14
(10), 1130-1147.
14.
James, W. H., Linear Ion Trap Mass Spectrometry with Mass-Selective Axial
Ejection. In Practical Aspects of Trapped Ion Mass Spectrometry, Volume IV, CRC
Press: 2010; pp 545-571.
15.
Fenn, J. B.; Mann, M.; Meng, C. K.; Wong, S. F.; Whitehouse, C. M.,
Electrospray ionization for mass spectrometry of large biomolecules. Science 1989,
246 (4926), 64-71.
16.
Mann, M.; Meng, C. K.; Fenn, J. B., Interpreting mass spectra of multiply charged
ions. Analytical Chemistry 1989, 61 (15), 1702-1708.
17.
Kebarle, P.; Verkerk, U. H., Electrospray: From ions in solution to ions in the gas
phase, what we know now. Mass Spectrometry Reviews 2009, 28 (6), 898-917.
18.
Gomez, A.; Tang, K., Charge and fission of droplets in electrostatic sprays.
Physics of Fluids (1994-present) 1994, 6 (1), 404-414.
19.
Iribarne, J. V.; Thomson, B. A., On the evaporation of small ions from charged
droplets. The Journal of Chemical Physics 1976, 64 (6), 2287-2294.
20.
Konermann, L.; Ahadi, E.; Rodriguez, A. D.; Vahidi, S., Unraveling the
Mechanism of Electrospray Ionization. Analytical Chemistry 2012, 85 (1), 2-9.
21.
Dole, M.; Mack, L. L.; Hines, R. L.; Mobley, R. C.; Ferguson, L. D.; Alice, M.
B., Molecular Beams of Macroions. The Journal of Chemical Physics 1968, 49 (5),
2240-2249.

20

CHAPTER 2: GAS-PHASE ION/ION REACTIONS AND CHARACTERIZATION OF
BIOMOLECULES VIA MASS SPECTROMETRY

Mass Spectrometry is a powerful tool for the analysis of bio-molecules. Its
versatility, sensitivity, and analysis speed have led to the development of the field of
proteomics. Probably one of the most significant factors contributing to this development
was the advent of soft ionization techniques such as ESI and matrix assisted laser
desorption/ionization or MALDI during the 1980s.1,2 This allowed researchers to ionize
these large molecules without subjecting them to fragmentation leaving the intact
structure for further analysis. One of the most common mass analyzers for this additional
analysis are ion traps, specifically the linear ion trap. Given its ability to trap ions for a
prolonged period it allows for these ionized biomolecules to be subjected to additional
reactions or structural inquiry.

2.1 Introduction to Proteomics: Top-Down vs. Bottom-Up
In regards to the study of proteins and peptides there are two competing
approaches through which structural and sequence information can be obtained. The first
approach is commonly referred to as bottom-up3 while the second is top-down4-6. In the
bottom-up approach to protein analysis a protein is first digested and broken into much
small peptide fragments, typically through the use of an enzymatic protease reagent such
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as trypsin or chymotrypsin. Once the sample has been completely digested the resulting
solution is analyzed by a mass spectrometer where the peptide sequences are identified
and used to determine the sequence of the intact starting protein. Most of the time this
identification is accomplished by comparing the mass spectrum produced from the digest
to a database containing similar information for a number of proteins.
There are several advantages and also several disadvantages to the bottom-up
approach for protein analysis. One of the biggest benefits is the small molecular weight
typically seen with peptides in comparison to proteins that allows for its implementation
on a variety of instruments and a variety of mass analyzers. Linear ion traps, for example,
typically have an upper mass range of several thousand m/z which limits their ability to
analyze intact proteins and protein complexes while time-of-flight, TOF, and ioncyclotron resonance, ICR, mass spectrometers have good resolution up to a hundred
thousand m/z or farther. However, the approach has significant drawbacks such as the
complexity of the solution once the protein has been digested which when not subjected
to appropriate separation and cleanup could result in inaccurate mass information being
used for the database search. Additionally not all of the fragments of the protein are
successfully ionized which typically results in a loss of relevant information for protein
identification or study, especially if it should contain a post-translational modification
(PTM) such as a phosphorylation site. The bottom-up approach is typically not
considered to be effective for analyzing these PTMs because of this loss of information.
Alternatively the top-down approach is quite different and as one might suspect
relies on beginning with the whole and intact protein or protein complex as opposed to
the smaller fragments. The overall concept behind the top-down method is that all of the
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sample preparation performed in various solutions from digestion to purification, and
cleanup be performed within the mass spectrometer itself through a variety of methods.
This allows for the complete protein to be sequenced and studied without any loss of
information, additionally most if not all PTMs can be preserved for further analysis using
fragmentation methods and are only lost if the method itself is responsible. However,
there are several drawbacks to this approach which mostly stem from its immaturity
compared to the bottom-up methodology. Due to the limitations in instrumentation and
technology, bottom-up methods have been studied for years whereas the top-down
approach is just beginning to become widely implemented. Given that the entire protein
is being analyzed it requires an instrument that can operate as extremely high mass ranges
with excellent mass accuracy and resolution. This requires a TOF, IRC, or orbitrap mass
analyzer: although through the use reactions inside the mass spectrometer and ESI it is
possible to use a LIT for top-down studies. Both the overall principles of top-down and
bottom-up analysis are depicted in Figure 2.1 below.

2.1.1 Structural Interrogation and Fragmentation Methods
With ESI it is possible to generate a protein ion in an exceedingly high charge
state compared to other soft ionization methods such as MALDI which primarily
produces singlely charged or low charge stated ions2, 7. This means that the protein ion
can contain enough charges that its m/z is within the operational range of an LIT and be
subjected to additional structural interrogation. For this type of experiment a useful
instrument design is referred to as a triple quad mass spectrometer, sometimes
abbreviated QqQ. Here three quadrupole mass filters are placed in a sequential
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quad platform excels in providing this information. There are a variety of methods
available to activate and fragment the ion of interest that have a very broad range for the
amount of energy that can be applied and the timescale of the event. Surface induced
dissociation or SID, for example is an extremely fast process whereby the ion is
fragmented by colliding with a surface. At the other end of the spectrum is BIRD or
Blackbody infrared radiative dissociation which is a slow heating process that slowly
adds energy to the ion until the bonds begin to break.1
In the spectrum between these two processes are some techniques that are far
more commonly applied. Ultra violet photo-dissociation (UVPD) and infrared multiphoton dissociation (IRMPD) are two processes that involve the use of a laser to induce
fragmentation. For UVPD the ion of interest must contain a structure that is UV active
and will absorb the necessary wavelength of light while IRMPD is a slower multi-photon
process. Electron transfer dissociation (ETD) and electron capture dissociation (ECD) are
another two processes that cause fragmentation by the transfer of an electron to the ion of
interest. ECD requires the electrons to be generated within the instrument and ETD
requires that the electron be transferred from a reagent molecule. Both processes are
similar and produce similar fragmentation. Probably the most common and universal
fragmentation method is collision induced dissociation or CID. It essentially involves
applying energy to the ion of interest such that it collides with the background gases
present within the mass spectrometer and eventually fragments. Given the fact that the
method work for any ion species at any m/z it is considered to be universal.
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2.2 Overview of Collision Induced Dissociation
Collision induced dissociation is a technique that is used to fragment ions of
interest through the application of kinetic energy and can be accomplished in both a high
energy and a low energy fashion8, 9. For simplicity this discussion will be focused on the
application of collision induced dissociation within a QMF or a LIT although the
technique can be applied to several other mass analyzers. Essentially the concept relies on
applying additional energy in some fashion to the analyte ion that causes it to have
collisions with background gasses inside the mass spectrometer. In most situations this
gas is nitrogen or helium. If the energy of the collision is sufficiently high then the energy
transferred to the analyte ion through the collision will result in bond fragmentation.
Alternatively if the energy of the collision does not transfer enough energy to the ion for
fragmentation then the ion will still become collisionally activated but remain intact.
When unimolecular dissociation does occur it is governed by the principle of quasiequilibrium theory or RRKM theory.

2.2.1 High Energy CID
The amount of energy imparted to an ion as a result of CID can vary depending
on the situation and the experiment. Mass analyzers based on QMF, particularly triple
quadrupole mass spectrometers, and linear ion traps are capable of both high energy and
low energy CID. High energy processes rely on passing the beam of ions or an ion cloud
through a collision cell that is operated at a slightly higher pressure compared to the rest
of the instrument. The collision cell still under a partial vacuum is fed either nitrogen or
helium gas to allow for more gas molecules/targets to be present. When the ions are
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passed through they are accelerated with great deal of kinetic energy such that their
collisions with the background gas will result in the transfer of the energy to internal
energy and cause fragmentation. At these energies the excitation of the ion is electronic
rather than vibrational and occurs as such a speed that no chemistry is possible during the
activation.

2.2.2 Low energy CID
An alternative to high energy CID is to use an approach that relies on lower
energies and slower speeds to cause fragmentation of the ions. Conceptually the idea is
still the same in that the fragmentation occurs due to the transfer of energy from a
collision with a background gas molecule. The difference is the amount of energy
involved and with this method, sometimes referred to as a slow heating method, the
ability to have chemistry occur during the process. In an LIT or QMF each ion oscillates
through the instrument with a specific secular frequency that is specific to the m/z of the
ion population. It is possible to apply a supplemental AC potential at the frequency and
apply additional energy to the ion. This causes its oscillation to increase in amplitude and
cause more collisions with the background gas eventually causing fragmentation. Since
the heating is a slow process it is possible for chemistry to occur during the heating such
as a complex being given just enough energy to react before fragmenting. Additionally
since the energy applied to the ion is controlled it is possible to adjust how that energy is
applied; high energy over a short time or low energy over a long time.
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2.3 Ion Chemistry
Given the variety of control present within a mass spectrometer the degree to
which an ion can be manipulated is quite impressive. Within a simple LIT alone it is
possible to isolate an ion, mass-selectively detect a large population of ions, fragment an
ion, etc. However, there are also a series of reactions that can be performed in the gas
phase that allow for the transformation of the ion from one type to another.10 One type of
reaction is known as charge inversion where the charge of an ion is transformed from one
polarity to another either by adding or removing protons of through the formation of a
complex with another ion. The various types of reactions include proton transfer, metal
transfer, metal cation attachment, electron transfer, cation transfer, etc.
Although some of these phenomena have been observed since the early
experiments were performed on J.J. Thomson’s parabola mass spectrograph, the
development of ion/ion reactions is somewhat more recent. In order for a reaction to
occur in the gas phase between two oppositely charged ions it is necessary for them two
species to form a long lived complex of simple pass close enough for a transfer of charge
to occur. Given the ability to manipulate these ions in the gas-phase, ion/ion reactions
represent a powerful analytical tool for the study of biomolecules via mass spectrometry.

2.4 Protein and Peptide Fragmentation
In the study of proteomics mass spectrometry is a widely used tool for sequence
and structural analysis. During fragmentation of these ions when they are protonated
most of the bond cleavage, whether induced with CID or some other method, occurs
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CHAPTER 3: EXPERIMENTAL CONDITIONS

3.1 Instrumental Specifics: QTRAP 2000
Experiments listed within the following chapters were primarily performed on a
modified prototype AB Sciex QTRAP 2000 hybrid triple quadrupole/linear ion trap mass
spectrometer (AB Sciex, Concord, ON, Canada) shown in figure 3.1 below1. The
instrument was modified to apply alternating current (AC) to the electrostatic trapping
lenses designated IQ2 and IQ3 allowing for the simultaneous trapping of ions of opposite
polarities in the q2 collision cell. This quadrupole rod set is partially sealed within a
container and incorporates an additional nitrogen gas line so that it can operate at a higher
pressure than the rest of the mass spectrometer. This nitrogen flow is controllable to
allow for the adjustment of the pressure within the collision cell. Normally this higher
pressure is utilized to increase the efficiency of ion/ion reactions.
Two custom built pulsed nano-ESI emitters situated at the orifice function to
alternately inject anions and cations when indicated by the Datalyst control software.2
Nano-ESI requires significantly smaller sample volumes compared to normal ESI as it
relies on flow rates that are on the order of nanoliters per minute as opposed to
microliters per minute (REF). The emitters are powered by external Ortec Model 556
high-voltage power supplies connected to a custom build pulse generator. When triggered
by the software this pulse generator sends the power to the nano-ESI emitters for sample
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positive and negative polarities of ions to be trapped within the q2 collision cell for a
mutual storage reaction.3,4 The first polarity is injected and trapped with DC potential
while the second polarity is being sprayed and isolated in Q1. Once both reagents are in
the trap the AC is applied for a desired period of time and then the DC potential is
reapplied eject any ions of the undesired polarity. From here the sample is transferred to
Q3 for further analysis.
With this instrument platform two different types of activation are possible. The
first is ion trap CID which involves electrostatically trapping the ions in Q3 and applying
a supplementary AC potential at the secular frequency of the ions of interest to cause
fragmentation. This is accomplished through the use of an external waveform generator
that is tuned to the desired frequency and triggered by the computer software.
Alternatively is it possible to accelerate the ions between q2 and Q3 to cause dissociation
in a process that involved a rapid intake of energy compared to the slow heating of
conventional CID. This process is commonly referred to as beam type CID (BT-CID).
Mass analysis is accomplished with mass selective axial ejection (MSAE) from Q3 into a
discrete electron multiplier.5

3.2 Instrumental Specifics: API QSTAR
Several of the experiments performed in the following chapters were
accomplished using a prototype modifier AB Sciex API QSTAR Pulsar I mass
spectrometer (AB Sciex, Concorde, ON, Canada)6. The overall instrument schematic is
shown in figure 3.2 but is operated in a similar capacity to the QTRAP 2000 described in
detail above. Unlike the QTRAP design which features a triple quadrupole QqQ
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configuration the QSTAR relies instead on a Qq-TOF arrangement commonly referred to
as a QTOF design. Here two linear ion traps are placed at the front end of the instruments
for isolation, ion manipulation, and storage before the ions are passed to a time of flight
(TOF) mass analyzer. The TOF separates ions by a difference in velocity as then travel
through a regions of space within a region of the device called the flight tube.
At the beginning of the analysis sequence ions are accumulated inside the
quadrupole before being pulsed into the TOF and in front of an accelerator plate. This
electrode applies an acceleration voltage to each ion in the ion cloud that causes them to
travel down the flight tube and towards the detector. At this potential energy of the
electrode is converted into kinetic energy ions of different m/z are given different
velocities. This is illustrated below in equation 3.1.
`t2 

m  L2

z  2eVs





(3.1)

Here L represents the length of the flight tube regions, Vs is the accelerating potential
applied to the ion, e is the elementary charge or 1.602  10 19 coulombs, and t is the time
required to traverse distance. L.
The TOF mass analyzer on the QSTAR instrument is a reflectron TOF which
means that as the ions travel away from the accelerating plate they eventually approach a
series of lenses called an ion mirror that have a repulsive potential. This mirror then
slowly stops the ions before reflecting them back towards the detector located at the top
of the flight tube adjacent to the accelerator place. This results in a longer flight length
which increases separation of the ion populations and corrects for the kinetic energy
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From here the ions pass through to the collision cell which much like the QTRAP 2000
operates at a higher pressure and has been modified to allow for mutual storage reactions.
Afterwards the ions are injected into the TOF for orthogonal acceleration and detected
with a multi-channel place (MCP) detector. The instrument is equipped with custom
build nano-EST emitters that are capable of generating ions in both positive and negative
modes. Each emitter is controlled by the Datalyst control software and an external power
supply with a pulse generator. Typically one of the emitters is connected to an internal
instrument power supply that operates in the same polarity that the instrument is
configured for.
In order to perform ion activation and fragmentation the QSTAR is equipped with
traditional ion trap CID in Q1 and beam type CID is also possible between Q1 and q2.
However since the ion/ion reactions take place in q2 during a mutual storage setup it is
necessary to transfer any reactions products back to Q1 since q2 is not equipped to apply
the supplemental AC necessary for ion trap CID. Additionally the instrument is also
equipped with another slow heating process can also be used to fragment ion called
dipolar direct current or DDC7. This operated by the application of a broadband
waveform to a pair of opposite electrodes in the rod set of a linear ion trap. When
activated the DDC applies energy to ions across a large range is not a mass selective
process as is ion trap CID. This allows for uniform fragmentation of a range of species.

3.3 Materials
`

In electrospray ionization the solvent composition affects the voltage required for

formation of the Taylor Cone and ionization of the sample. In order to generate positively
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charged ions protein, peptide, and reagent samples were dissolved in a mixture of 49.5%
water, 49.5% methanol, and 1% glacial acetic acid. When necessary the pH of the
solution could be adjusted to decrease with pH and produce higher charge states.
Solutions intended for the production of negative ions were composed of 49.5% water,
49.5% methanol, and 49.5% ammonium hydroxide. Both the ammonium hydroxide and
glacial acetic acid are volatile compounds which function to adjust the pH of the solution
without clogging the emitter when the solvent begins to evaporate. The emitters were
prepared with borosilicate glass capillaries that had and outer diameter of 1.5mm and an
inner diameter of 0.86 mm. They were by a P-87 Flaming/Brown micropipette puller
(Sutter Instruments, Novato, CA).
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CHAPTER 4: EXAMINING A FIXED CHARGE, GAS PHASE CLEAVABLE
CROSS-LINKING REAGENT FOR USE IN PROTEIN STRUCTURAL
IDENTIFICATION

4.1 Introduction
The use of chemical crosslinking reagents is a common practice in proteomics for
studying protein structure1, 2. These reagents attach to specific amino acids in the protein
and based on their spacer length can give information about the distances between
different residues leading to three-dimensional information about the protein3, 4. A large
number of crosslinking reagents based off the ability of NHS esters to react with primary
amines have been developed. However these experiments can produce very complex data
due to the large number of reactions possible3. Crosslinking reagents can form
intramolecular, intermolecular, and dead-end links representing a crosslink between two
residues in the same protein, a crosslink between two residues in different proteins, and a
crosslink attached only to one residue with the other end unreacted. On possible solution
to allow for the differentiation of these three distinct reactions is to modify the
crosslinking reagent to incorporate a gas phase cleavable bond, a practice which lends
itself well to tandem mass spectrometry5-7. Upon activation the cross linking reagent
fragments at a specific bond while each end still remains attached to an amino acid
residue in the protein/peptide structure. This then allows for addition interrogation of the
overall structure8.
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Previous work has shown that ion/ion reactions can be used to form covalent
bonds in the gas phase between crosslinking reagents and un-protonated primary amines.
The reagents bis[sulfosuccinimidyl] suberate (BS3) and 3,3'-dithiobis
[sulfosuccinimidylpropionate] (DTSSP) were used to form intramolecular and
intermolecular links between the peptides KAGK, YGGFLK, KGAILKGAILR, and
RKRARKE5. Sulfo-NHS based reagents were necessary to both hold the negative charge
on the reagent and to allow for the formation of a long lived gas-phase complex between
the peptide and reagent, thus permitting the modification to take place. Recently a new
cross-linking reagent shown in figure 3A was developed that shows promise for use in
ion/ion reaction without the use of sulfo-NHS8.
The reagent S-methyl 5,5′thiodipentanoylhydroxysuccinimide (MTP-NHS)
incorporates a sulfonium ion into the spacer arm which functions as not only a fixed
charge site but also a gas-phase cleavable bond. Upon collisional activation in a tandem
mass spectrometry experiment the reagent fragments as shown in figure 3B form either
the I or S modification both of which are different masses. Another alternative is for the
reagent to under only one reaction such that it does not for a cross-link between two
points in the peptide and contains one unreacted-NHS functionality. This is commonly
referred to as a dead-end link and does not provide as much information and when both
sites are covalently bound. For a dead-end link as shown in figure 3C it is possible for the
NHS group to remain attached or to fall off resulting in either the I-SH or the I-SN
structure as shown. This allows for the identification of the cross linked sites and the
distinction between the three cross-linked products3.
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LIAGDGAILR was purchased from SynPep, DGAILDGAILD, and LIAGDGAILK was
purchased from NeoBioSci (Cambridge, MA), the N-hydroxysuccinimide ester of 4trimethylammonium butyrate (TMAB-NHS) was obtain from Dr. Fred Regnier.
Methanol, glacial acetic acid, acetic anhydride, and ammonium hydroxide were
purchased from Mallinckrodt (Phillipsburg, NJ).
Acetylation of the N-terminus and any un-protonated primary amines was
accomplished by dissolving 1 nmol of peptide in 20 μL of 50 mM ammonium
bicarbonate solution and 50 μL of acetylation reagent solution. This reagent was prepared
by combining 20 μL of acetic anhydride and 50 μL of methanol. The reaction was
allowed to proceed for two hours.9
Acetylation of only the N-terminus of a peptide with a lysine residue present was
accomplished by first dissolving 0.3 mg of sulfo-NHS acetate in 400 μL of carbonate
buffer at pH=5. The 100 μL of peptide solution at a concentration of 1 mg/mg of peptide
was added to the sulfo-NHS solution and the reaction was allowed to proceed for two
hours. The desired produce was separated via an Agilent HPLC using previously reported
methods7.

4.2.2 Mass Spectrometer
Experiments were performed using a modifier prototype AB Sciex QTRAP 2000
triple quadrupole/linear ion trap mass spectrometer (AB Sciex, Concorde, ON, Canada).10
The instrument was equipped with a custom build dual nano-electrospray ionization
source capable of generating ions at different polarities and described in more detail in
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chapter 3. Primarily the experimental procedure consisted of first generating and isolating
in Q1 the desired charge state of the peptide to be reacted with the MTP-NHS reagent. In
most all cases the ion was either in a [M-2H]2- or a [M-3H]3- charge state such that the
resulting product would be negatively charged. After isolation the peptide was stores in
q2 while the singly positively charges MTP-NHS was generated and injected into the
instrument and also isolated while passing through q2.
Both ion populations were subjected to mutual storage within the collision cell for
a reaction time varying between 100 and 500 ms before the remaining positively charges
species were ejected from the trap. Any remaining negatively charges ions were
transferred to Q3 where the resulting complex between the peptide and the MTP-NHS
was subjected to fragmentation through CID to obtain further structural information.
Occasionally additional MS3 spectra were obtained by performing a RF/DC isolation on
the CID produce in question and fragmenting the ion further.

4.3 Results and Discussion
Preliminary experiments with the MTP-NHS cross-linking reagent seemed to indicate
that it was modifying arginine present in several model peptides. Previous work has only
observed reactions between NHS esters and un-protonated primary amines in the gas
phase with any arginine residues present viewed as only charge bearing sites.
Additionally the loss of either the NHS of sulfo-NHS from any complex formed was
viewed as a signature of covalent modification. In an experiment shown below in figure
4.1, the model peptide Ac-LIAGDGAILR was reacted with MTP-NHS via an ion/ion
reaction which produced a complex between the peptide and reagent after a single NHS
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and fragmentation of the second NHS loss and the [M+I]- complex failed to produce any
additional information. A possible explanation for this being that CID of negative ions
has been shown to primarily result in side chain losses with little fragmentation of the
peptide backbone. Consequently, structural assignment becomes difficult as the majority
of structural information for interpretation is obtained from backbone fragmentation.
Seeing a single loss of NHS with the peptide Ac-LIAGDGAILR could be
explained by the MTP-NHS reacting with arginine residue; however, this does not
explain the additional second loss of NHS from the complex upon ion trap CID.
Continuing with the assumption that previous work is correct and this loss is indeed a
signature of covalent modification the only other possible sites for modification in this
peptide are a carboxylate group on the C-terminus or the aspartic acid or the possibility
that the arginine is undergoing a second reaction. The information obtained from figure
4.1 does not contain enough structural information to answer this question so another
experiment was performed. The peptide DGAILDGAILD was selected as it contained a
large number of carboxylate groups and could adequately hold the negative charge
necessary for the ion/ion reaction.
Unlike the experiment with Ac-LIAGDGAILR, where no intact electrostatic
complex between the peptide and reagent was observed, DGAILDGAILD and MTPNHS did appear to form a complex. Upon isolation and ion trap CID the mass spectrum
shown in figure 4.2 was produced. Unfortunately due to the large number of carboxylates
in the peptide a significant number of water losses are apparent that dominate the
spectrum. This was not unexpected as carboxylate groups tend to readily lose water upon
dissociation in negative mode11. Of interest in this spectrum is not only the loss of NHS,
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Assuming this assignment is correct, it would mean that the reagent broke in half
with a portion of it still electrostatically bound to the peptide. This is not surprising given
that MTP-NHS is designed to be easily cleavable in the gas phase. What is surprising is
that only one half of the fragmented MTP-NHS was observed and that only the I
substituent was seen and not the S substituent. Between the two portions of the reagent
conventional wisdom would indicate that the S substituent would be more likely as
contains the sulfur atom which acts as a “sticky group” electrostatically binding the
reagent fragment to the peptide. In order to determine whether
In order to make a more definitive determination of whether the reagent was
indeed modifying carboxylate groups within the peptide the experiment was repeated
with the N-terminus of DGAILDGAILD acetylated. The spectrum produced from ion
trap CID of the complex is shown below in Figure 4.3. Not surprisingly the complex of
the peptide and the enact reagent with a single NHS loss was observed as a produce of
the ion/ion reaction, unlike the experiments with Ac-LIAGDGAILR. The spectrum in
figure 4.3 is interesting in that the enact peptide is observed indicating that a significant
portion of the Ac-DGAILDGAILD was only bound electrostatically to the reagent and no
covalent modification took place. In addition to a series of water losses there is also
evidence of the transfer of a methyl cation from the sulfonium ion o the reagent to the
peptide. This is indicated by the addition of 15 Da to Ac-DGAILDGAILD labeled in
figure 4.3 as [M+CH3]- which also exhibits a series of water losses and possibly a
methanol loss that is not labeled due to the complexity of the spectrum in that region.
Also of interest from this experiment is the formation of another complex whose
mass corresponds to the MTP-NHS reagent fragmenting and a portion of it remaining
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The other possibility to explain the loss of more NHS residues that reactive sites
present in the peptide was that arginine was somehow undergoing more than one covalent
modification. This was examined first by repeating the experiments performed with AcLIAGDGAILR but using Ac-LIAGDGAILK containing only an n-terminal acetylation.
This would compare the reactivity of MTP-NHS between arginine and lysine as the
remainder of the peptide is the same. The results of this experiment are shown below in
figure 4.4A. As was observed with the Ac-LIAGDGAILR the intact electrostatic
complex was not observed and the complex formed from the ion/ion reaction already lost
one NHS functionality indicating that this loss is extremely fast. Additionally the loss of
the second NHS group is observed although in much more significant abundance that for
the reaction with Ac-LIAGDGAILR. The additional of the I substituent of MTP-NHS to
Ac-LIAGDGAILK can be observed seemingly indicating that at least one site on the
pepeide was covalently modified. However, little structural information from the peptide
backbone was obtained with the exception of the presence of a modified y6 ion after two
water losses. Observing something after two water losses without seeing any of the
compound present in the spectrum before the losses of water is odd, but the mass of the
peak with the label does correspond to the compound indicated and the assignment is
supported by additional fragmentation of the [M+I]- complex shown in figure 4.4B.
However it cannot be unambiguously stated that the modification occurred without
additional backbone fragments present. The unlabeled peaks in the spectrum can
correspond to multiple complexes and it was not possible with the data available to
unambiguously identify them.
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4.4 Conclusions
While approaching the investigation of a different phenomenon, the reactivity of
histidine residues in the gas-phase, another member of the research group made a
discovery offering evidence to support the reactivity of the carboxylate residues. Using
reagents based on sulfo-NHS an isotope labeling experiment was performed in which a
sample was prepared in O18 labeled water. This caused any O16 present within the sample
of interest to be replaces with the O18 such that it could be tracked during the course of
the ion/ion reaction based on the mass.
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CHAPTER 5: SELECTIVE CHARGE INVERSION IN THE GAS PHASE OF
PHORPEPTIDES FROM A TRYPTIC DIGEST USING AN ARGINING BASED
REAGENT

5.1 Introduction
Posttranslational modifications (PTMs) are alterations made to the structure of
proteins after they are created or translated by mRNA. A number of different covalent
modifications are possible such as nitrosylation, methylation, glycosylation, etc. and each
can have an influence on the function of the protein1. Consequently understanding PTMs
and being able to easily identify them is extremely important and relevant to the study of
proteins in the field of proteomics. One such modification that is the focus of study is
phosphorylation which involved the addition of a phosphate group to a protein typically
on serine, threonine, and tyrosine residues. Phosphorylation plays a large role in various
cellular processes functioning in a number of situations as an on/off switch and
understanding it is relevant to understanding how these processes work.
Recently researchers at the national institute of health have studied non-covalent
complexes formed between two peptides as these interactions can play a role in
understanding protein interactions. The focus in particular of a series of studies has been
on the ability of sulfation and phosphorylation sites to interact with guanidinium groups
on the amino acid arginine to form a strong interaction. A series of peptides containing
serine, threonine, and tyrosine sites of phosphorylation were studies for their ability to
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interact with peptides containing sequential arginine residues. Non covalent complexes of
varying strength were formed for all of the amino acids and the potential exists to use
these interactions and ion chemistry as a selection tool for selection for phosphopeptides
from a mixture.2-4
Ion/ion reactions are a powerful for studying protein and peptide interactions and
in particular charge inversion reactions are relevant to the study of these interactions.5 A
charge inversion reaction occurs when an ion of one polarity forms a complex with a
multiple charged ion of another polarity. The resulting electrostatic complex has the same
polarity of charge as the multiply charged ion thus inverting the charge of the original
species. If the interaction is long lived it is also possible for multiple charges to transfer
to the starting compound allowing for the charge inversion of the starting species and not
just the formation of a charge inverted complex. This reaction can be applied to the study
of non-covalent interactions between phosphorylation sites and arginine residues. A
solution containing several phosphopeptides can be sprayed in the negative mode
forming negative ions. That mixture can then undergo an ion/ion reaction with a
positively charged arginine based reagent resulting in the formation of a non-covalent
interaction between any phosphopeptides in the mixture. The resulting complex would be
positively charged thus charge inverting the phosphopeptides. Furthermore if the reagent
reactivity could be tuned so that it formed the strongest interactions with only
phosphorylation sites is would be possible to selectively charge invert only
phosphopeptides in a mixture allowing for easier identification and analysis.
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5.2 Experimental Section

5.2.1 Materials
Methanol, glacial acetic acid, acetic anhydride, and ammonium hydroxide were
purchased from Mallinckrodt (Phillipsburg, NJ). The peptides pYGGFL, sYGGIG, RR,
and RRR were purchased from NeoBioSci (Cambridge, MA), leucine encephalin
(YGGFL), ubiquitin, a-casein, and b-casein were purchased from Sigma-Aldrich (St.
Louis, MO). Protein digestions were performed by members of Dr. Andy Tao’s research
group at Purdue University.
Acetylation of the N-terminus and any un-protonated primary amines was
accomplished by dissolving 1 nmol of peptide in 20 μL of 50 mM ammonium
bicarbonate solution and 50 μL of acetylation reagent solution. This reagent was prepared
by combining 20 μL of acetic anhydride and 50 μL of methanol. The reaction was
allowed to proceed for two hours.6
Methyl esterification of the c-terminus of a peptide was accomplished by first
allowing 250 μL of dry methanol to cool in a -20oC freezer for twenty minutes. Then 40
μL of acetyl chloride were added dropwise to the methanol and the resulting mixture was
allowed to sit for five minutes. 50 μL of a stock peptide solution containing the peptide as
a concentration of 1 mg/mL in water was combined with 100 μL of the acidified
methanol and the reaction was allowed to proceed for two hours.7 Protein digestions were
performed by members of Dr. Andy Tao’s research group at Purdue University
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5.2.2 Mass Spectrometer
Experiments were performed using a modifier prototype AB Sciex QTRAP 2000
triple quadrupole/linear ion trap mass spectrometer (AB Sciex, Concorde, ON, Canada).8
The instrument was equipped with a custom build dual nano-electrospray ionization
source capable of generating ions at different polarities and described in more detail in
chapter 3. The basic experiment consisted of several portions that began with the control
steps to ensure that only peptides which underwent the charge inversion reaction were
detected. The digest sample was sprayed in negative mode to confirm its composition and
determine the mass which should be observed assuming that the charge inversion
experiment functioned as intended. Additionally the conditions in the instrument were
adjusted to maximize the amount of singly charged species present within the sample
unless otherwise specified. Finally the conditions within the collision cell were optimized
such that only a minimal loss of signal for the digest sample occurred when mutual
storage was activated.
After the signal from the digest sample was optimized the next step consisted of
optimizing the reagent. Since a specific charge state was chosen for each experiment the
desired m/z was isolated in Q1 with an RF/DC isolation. From here the sample was
injected into the collision cell and the mutual storage settings were activated. This insured
that both the positively and negatively charged species were stable within the quadrupole
under the specified conditions. For the reaction, both samples were injected into the
instrument sequentially and trapped in q2 for a period of time ranging from 100-500 ms.
From here the negatively charges ions were ejected from the trap while an rf ramp was
performed to remove any unreacted reagent. Since any charge inverted peptides or
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complexes would have a higher m/z than the reagent the rf was ramped up such that is
ejected the small reagent ion from the trap while continuing to contain the larger product
ions.
From here everything was transferred to Q3 for initial analysis. Any complexes
formed were isolated using an RF/DC isolation and subjected to fragmentation via CID.
The transfer process for the ions into Q3 was kept at a low enough energy to prevent the
occurrence of beam-type CID. Essentially only MS and MS2 scans were obtained for this
series of experiments unless otherwise indicated. In addition several experiments were
performed on a prototype modifier AB Sciex API QSTAR Pulsar I mass spectrometer
(AB Sciex, Concorde, ON, Canada) that was described in detail in chapter 3. The
procedure for these experiments was quite similar to those performed on the QTRAP
2000 with the exception that no CID was performed and after mutual storage the ions
were simply injected into the TOF for mass analysis.

5.3 Results and Discussion
For an initial investigation into the ability of an arginine reagent to charge invert
phosphopeptides, the tripeptide RRR was selected as a reagent. This was chosen as it
contained several arginine residues adjacent to each other which is necessary for the
formation of a non-covalent complex and it is relatively small to decrease the overall
mass of the complex. The first experiment performed was to charge invert the model
peptide pYGGFL which proved to be successful although a significant amount of proton
transfer from the reagent to the peptide was observed in addition to complex formation
show in figure 5.1. This is not surprising and is to be expected although it is necessary to
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m
the amount of proton
p
transffer product pproduced so as to maxim
mize the amoount
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Figure 5.1
5 Charge inversion reaaction betweeen [RRR+2H
H]2+ and [pY
YGGFL-H]-

As RR
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n show to foorm a non-coovalent compplex and chaarge
nvert a phosp
phopeptide the
t next step
p was to attem
mpt selectivee charge invversion. In thhis
in
caase the proteein α-casein,, which contaains several phosphorylaation sites, w
was digestedd with
trrypsin and th
he resulting mixture
m
was sprayed in nnegative moode. The goaal of the
ex
xperiment was
w to only ch
harge invertt the phosphoopeptides soo that all otheer peptides in the
mixture
m
woulld not react causing
c
them
m not to be ddetected or allternatively steal a protoon
frrom the reag
gent resulting
g in neutralizzation. The rresults of thiis ion/ion reaaction, whichh
was
w performeed on the QS
STAR, are sh
hown in figuure 5.2 A. A significant aamount of prroton
trransfer occurrred as expeccted consideering that thee amount of peptides in tthe mixture far
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ose containin
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orylation sitte. However,, almost not peptides in tthe
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he spectrum only one cou
uld be identiified. Additiionally as thee label indiccates this pepptide
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ffectiveness oof
RRR
R
as a reag
gent. A simiilar experimeent was perfformed with β-casein andd comparablle
reesults were obtained
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and
d displayed in
n figure 5.2B
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Figure 5.2 (A) Mass Sp
pectrum pro
oduced from the charge iinversion reaaction betweeen
2
[RRR+2H]2+
and a trypttic digest of the phosphoopeptide α-casein. (B) C
Charge Inverssion
2+
reeaction betw
ween a digestt of b-casein
n and [RRR+
+2H] . The ppeaks to the left of the R
RRR+
are fragm
ments of thee tripeptide and
a the remaaining peaks could not bee identified.

Thesee results wou
uld seem to indicate that RRR is too good of a reeagent in thaat it
caan charge in
nvert compou
unds in the digest
d
beyondd the phosphhopeptides ppresent. In orrder
to
o confirm thiis idea anoth
her ion/ion reeaction was performed w
where RRR w
was reacted with
a tryptic digest of ubiquittin. Ubiquitin
n does not coontain any pphosphorylattion sites so the
th
heory was th
hat that it wo
ould be a goo
od way to deemonstrate thhe selectivityy of the reaggent.
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Rather than creating a new peptide and attempting to change to overall structure
to something of the form RXR, the existing tripeptide was acetylated at the N-terminus
and methyl esterified at the C-terminus to form Ac-RRR-OMe. To show that this would
still form a strong non-covalent interaction with phosphorylation sites it was reacted with
a mixture containing three model peptides. These peptides were YGGFL, pYGGFL, and
sYGGIG. The YGGFL was present to initially observe if Ac-RRR-OMe was selective at
least for the phospho- and sulfopeptides in this mixture. sYGGIG was used instead of
sYGGFL in order to distinguish the peptide from pYGGFL as both peptides have similar
weights and could not be distinguished with the resolution present on the QTRAP 2000.
Figure 5.4 contains the results of this experiment and show that Ac-RRR-OMe does not
charge inverts YGGFL and as expected the interaction with the sulfation is stronger than
the interaction with phosphate groups. This is consistent with observations made by
previous experiments 7*. The addition of 98 Da to Ac-RRR-OMe was observed however
this could come from either peptide as sYGGIG can lose H2SO4 and pYGGFL can lose
H3PO4. Both species can form an interaction with Ac-RRR-OMe and CID of the peak in
question was uninformative. Of interest to note is that this experiment was repeated
several times and the 98 Da addition to Ac-RRR-OMe was not always present indicating
that it might be dependent upon the energy used to transfer to ions between q2 and Q3.
However, the presence of the complex was not consistent enough to make this
determination.
To further examine the selectivity of Ac-RRR-OMe a charge inversion reaction
was performed with the ubiquitin digest use previously with RRR. The results were
similar with the key difference that the charge inverted products formed in significantly
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Figure
F
5.5(A)) Mass specttrum from neegative nanoo-ESI of a diigest of ubiqquitin spikedd with
[pYGGFL-H
H]- compared to (B) the mass spectruum produced from the ccharge inverssion
reaction bettween [Ac-R
RRR-OMe+2
2H]2+ and thee tryptic diggest of ubiquitin spiked w
with
[pYGGFL-H
H]-.
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selective charge inversion project but several other peptides contained within the digest
were also charge inverted. The two peptides EGIPPIDQQR and TLSDYNIQK not only
formed non-covalent complexes but also underwent double proton transfer. On the other
hand the peptide ESTLHLVLR underwent double proton transfer and also most likely
formed a non-covalent complex but that is unlabeled due to its abundance being in the
noise of the spectrum. This result is interesting as the peptides that formed larger
amounts of the complex contain more basic sites indicating that they might have some
involvement in the reaction.
Although the results displayed in figure 5.5 are not ideal in that peptides other
than phosphopeptides were charge inverted the Ac-RRR-OMe could still be a useful
reagent. If it’s possible to use higher transfer energies between q2 and Q3 when
performing the reaction to dissociate the complexes with peptides not containing a
phosphorylation site the charge inversion is still selective to a degree. Even though other
peptide might charge invert and undergo a double proton transfer, the phosphopeptide
can still be distinguished by a mass difference as long as the interaction between AcRRR-OMe and the phosphate is the strongest.
In all proceeding experiments the only peptides shown to for non-covalent
complexes with the arginine based reagents in an ion/ion reaction have had
phosphorylation sites on only tyrosine residues. It has been shown that the interaction
between phosphorylated tyrosine and arginine is stronger than with phosphorylated serine
or threonine. In order to determine whether these experiments would be successful it was
necessary to examine a peptide containing a phorphorylation site on something other than
arginine so the peptide LPISASHpSpSKTR was selected. However the mass of a singly
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Figure 5.6
5 Mass spectrum produ
uced from thhe charge invversion reacttion betweenn
3+
+
[RRR+3H] and [LPISA
ASHpSpSKT
TR-H]-. Abuundance scaled to
[LPISA
ASHpSpSKT
TR+RRR]2+.
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5.4 Conclusions
Based on the results obtained with the experiments above it would appear that the
reagents selected for the charge inversion process are too strong. Essentially the peptides
based on the amino acid arginine such as RRR and Ac-RRR-OMe seem to form
interactions with not only the phosphopeptides but also the other peptides present within
the solution. Further investigation may show that it could be possible to separate these
two different complexes if the strength of the interaction is different. This could be
accomplished using a form of beam-type CID within the instrument such that the energy
imparted would be sufficient to fragment the undesirable complexes but leave the
phosphopeptide complexes intact. Alternatively it may be possible to use a reagent based
on a different amino acid with a weaker interactions but preliminary experiments indicate
that this is unlikely.
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